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ABSTRACT 
Fo i l s ,  of s eve ra l  oxidat ion r e s i s t a n t  a l loys  approximately 5 m i l s  
(0.127 mm) t h i c k ,  were d i f fus ion  bonded t o  T D - N i C r .  The pro tec t ion  poten- 
t i a l  of t hese  claddings f o r  use on a i r c r a f t  gas tu rb ine  components was ex- 
amined by conducting Mach 1 burner  r i g  t e s t s  at 2100' F (1149' C )  f o r  t imes 
t o  160 hours using 1 hour cycles.  The N i C r A l  cladding was p ro tec t ive  for 
over 120 hours. A l l  of t h e  FeCrAlY a l loys ,  however, began su f fe r ing  from 
oxidation and l o s s  of cladding a f t e r  20 t o  40 hours of t e s t i n g .  Visual in -  
dicat ions of i n t e rd i f fus ion  were observed i n  T D - N i C r  f o r  both cladding sys- 
t ems. 
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SUMMARY 
This study examined t h e  a b i l i t y  of low s t r eng th ,  bu t  highly oxidation- 
r e s i s t a n t ,  metal  a l loys  t o  p ro tec t  TD-NiCr  at 2100' F (1149' C) from oxida- 
t ion /eros ion  i n  a high ve loc i ty  combustion gas environment. 
(0,127 mm) t h i c k  f o i l s  of Fe-25Cr-hAl-O.2Y; Fe-25Cr-0.2Y-0.5Ta; Fe-25Cr-hAl- 
1 Y ;  and Ni-20Cr-5A1-0.5Th (nominal compositions ) were i s o s t a t i c  ho t  pressure 
bonded t o  t h o r i a  dispers ion strengthened nickel-chromium (Ni-20Cr-2.6w/o 
THO2 commercially designated T D - N i C r ) .  One hour exposures i n  t h e  Mach 1 gas 
stream at 2100' F (1149" C )  were followed by air b l a s t  quenching. 
N i C r A l  cladding of fered  complete pro tec t ion  f o r  a t  l e a s t  120 hours and only 
showed s igns  of cladding f a i l u r e  i n  t h e  maximum a t t ack  zone a f t e r  140 hours.  
All of t h e  FeCrAlY claddings,  however, f a i l e d  within 20 t o  40 hours i n  t h e  
maximum a t t a c k  zone which i s  approximately t h e  center  of  t h e  hot  zone. The 
bes t  FeCrAlY cladding--the one with t h e  most yttr ium--lost  from 1/3 t o  1 / 2  
of t h e  cladding th i ckness ,  even i n  t h e  average a t t ack  zone (approx. 2050° F 
or 1121' C )  within 100 hours of t e s t i n g .  Metallographic examination showed 
subs t r a t e  under s i t e s  of cladding f a i l u r e .  Furthermore, metallographic ev- 
idence of i n t e rd i f fus ion  between N i C r A l  and FeCrAlY claddings and T D - N i C r  
was observed t o  a depth of about 11 mils (0 .3  mm) i n  T D - N i C r  i n  160 and 100 
hours r e spec t ive ly  at 2100' F (1149' C ) ,  
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I considerable poros i ty  and i n t e r n a l  oxidation i n  a l l  areas  of t h e  TD-NiCr 
INTRODUCTION 
Thoria dispers ion strengthened n i cke l  mater ia l s  o f f e r  u se fu l  s t rengths  
at temperatures above t h e  l i m i t s  of  many conventional ca s t  n i c k e l  superal-  
loys.  For t h i s  reason, they are being considered f o r  use i n  hot  sec t ion  
components of advanced a i r c r a f t  gas tu rb ine  engines.  One such ma te r i a l ,  
t h o r i a  dispers ion strengthened nickel-20 chromium (TD-NiCr  ) 
f o r  s t a t o r  vane use t o  .approximately 2200' F (1204' C ) .  Above about 1800' F 
(982' C )  however, T D - N i C r  r ap id ly  lo ses  weight i n  high ve loc i ty  gas streams 
( r e f .  1 and 2 ) .  
cr203, t o  v o l a t i l e  C r & ,  t h e  normally observed sur face  oxide, and subsequent 
formation o f  l e s s  pro tec t ive  oxides, N i O  and N i C r Z O g ,  i n  t h e  sur face  sca le .  
For t h i s  reason, t h e  exp lo i t a t ion  of t he  s t r eng th  of  TD-NiCr i n  advanced 
high temperature engines requi res  improved oxidat ion r e s i s t ance .  
has p o t e n t i a l  
Such lo s ses  are general ly  ascr ibed t o  the  oxidat ion of 
Ductile claddings o f f e r  one way t o  provide such surface pro tec t ion  
A number of  weak but very oxidation r e s i s t a n t  nickel-chromium- ( r e f ,  3 ) .  
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aluminum ( N i C r A l )  and iron-chromium-aluminum-yttrium (FeCrAlY) based a l loys  
( r e f .  4) were used f o r  t h i s  purpose. These a l loys  form aluminum-rich sca l e s  
and are very pro tec t ive  i n  furnace oxidation tes ts .  The present  study w a s  
d i rec ted  towards t h e  determination of t h e  p ro tec t ive  a b i l i t y  of such clad- 
dings i n  T D - N i C r .  
a t  2100' F (1149" C )  f o r  times t o  160 hours i n  order  t o  simulate an engine 
environment. The evaluat ion of cladding performance w a s  based on v i s u a l  
examination, weight change, and metallographic analyses.  
Here, tes ts  were conducted i n  a high ve loc i ty  burner r i g  
MATERIALS 
Commercial nickel-20 w/o chromium 2.6 w/o thorium dioxide p l a t e  w a s  
machined i n t o  specimens 4 i n .  (101.6 mm) by 1 in .  (25.4 mm) by 1/4 i n .  
(6.3 mm) as shown i n  f igu re  1. These specimens were then c l ad  with 5 m i l  
(0.127 mm) f o i l s  by i s o s t a t i c  hot  pressure bonding at 2000' F (1093' C )  f o r  
2 hours at 20,000 p s i  (138 J!4!X/m2). Four cladding materials ( th ree  produced 
i n  ref .  4 and a semi-commercial Fe-Cr-A1-Y a l l o y )  were so  applied.  Their 
compositions were nominally Fe-25Cr-hA1-0.2Y; Fe-25Cr-hA1-0.2Y-O.5Ta; Fe- 
25Cr-bAl-lY (General E l e c t r i c  Co. a l l o y  2541) ; and Ni-20Cr-5A1-0 a 5Th. 
Chemical ana lys i s  da t a  f o r  each cladding material are presented i n  t a b l e  I. 
TEST PROCEDURES 
A Mach 1, n a t u r a l  gas fueled burner r i g  w a s  used t o  t e s t  t h e  c lad  
specimens. Details of t h e  r i g  and i t s  operation can be found i n  reference 
1. Since t h e  air  t o  f u e l  r a t i o  w a s  about 20:1, t h i s  f a c i l i t y  simulates 
the  oxidizing environment of  an a i r c r a f t  engine. Figure 2 contains a sche- 
matic diagram of  t h i s  t e s t  f a c i l i t y .  Eight specimens are placed i n  a ro- 
t a t i n g  holder  (450 rpm) d i r e c t l y  i n  f ron t  of t h e  exhaust nozzle. Once each 
hour t h e  specimens are lowered out of t h e  flame and subjected t o  a i r  b l a s t  
quenching (approx. 100' F/sec (55' C/sec) t o  200' F (93' C)).  All t e s t s  
were conducted at a m a x i m u m  m e t a l  temperature of 2100'+-25' F (1149+-15' C )  
f o r  t i m e s  t o  160 hours.  The maximum temperature occurred about 0.875 i n .  
(2.2 em) down from t h e  specimen t i p  as shown i n  f i g u r e  1. 
were i n i t i a l l y  monitored with a thermocoupled dummy specimen and were moni- 
t o red  throughout t h e  t e s t  by corrected o p t i c a l  pyrometry. 
Temperatures 
A f t e r  a number of 1 hour exposures, t h e  specimens were allowed t o  cool 
t o  room temperature. They were removed from t h e  holder  and weighed. Some 
specimens were tes ted  f o r  only 20, 40, 60, or 100 hours depending on per- 
formance * 
After t e s t ,  t h e  specimens were examined v i sua l ly ;  sect ioned through 
the  zone of maximum a t t ack  and through a zone of average a t t ack ;  ( see  f i g .  
1) and metal lographical ly  prepared and examined. Based on previous 2100' F 
(1149' C )  t es t s  i n  which temperature p r o f i l e s  were measured, t h e  metal t e m -  
perature  i n  t h e  zone of  average a t t ack  w a s  estimated t o  be about 2050' F 
(1121' c ) .  
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Results and Discussion 
Visual appearance of  t h e  specimens of FeCrAl and N i C r A l  c l ad  TD-NiCr  
af ter  var ious times at 2100' (1149' C )  are  shown i n  f igu re  3. This 
f igure  shows t h a t  i n  t h e  iron-base group, t he  low y t t r ium claddings a re  
much more not iceably at tacked than i s  t h e  a l loy  with t h e  highest  yttrium, 
Also, while t h e  Fe-25Cr-kAl-lY specimen appeared t o  be t h e  bes t  o f  t h e  
FeCrAl a l loys  t e s t e d ,  it showed considerable a t t a c k  a f t e r  100 hours while 
t h e  N i C r A l  cladding appeared i n  exce l len t  condition a f t e r  t h e  same exposure. 
Only a f t e r  140 hours of t e s t i n g  at 2100' F (1149' C )  d id  t h e  NiCrAl begin 
t o  show f a i l u r e  at  t h e  leading and t r a i l i n g  edges. 
These observations are  supported by t h e  weight change da ta  presented 
i n  f igu re  4. 
and l o s t  it more r ap id ly  than any of t h e  o ther  a l loys  t e s t e d .  Indeed, af- 
t e r  about 40 hours it l o s t  weight more rap id ly  than  d i d  t h e  unprotected 
T D - N i C r .  While t h e  claddings without tan ta lum were b e t t e r ,  t h e  low y t t r ium 
claddings l o s t  about twice as much weight as t h e  b e s t  FeCrAlY cladding--the 
one with t h e  highest  yttrium--which l o s t  1117 mgs i n  100 hours. None of 
these  claddings exhib i ted  performance even approaching t h a t  of t h e  N i C r A l  
c l ad  T D - N i C r .  After  100 hours t h e  N i C r A l  showed a t o t a l  l o s s  of only 90 
mgs. 
mg/cm2 and ind ica t e s  a very pro tec t ive  system. 
system only l o s t  622 mgs or about 21  mg/cm2. 
The FeCrAlY a l loy  containing tantalum l o s t  t h e  most weight 
Based on an average hot  zone area of 30 cm2, t h i s  i s  a l o s s  of only 3 
Even a f t e r  160 hours ,  t h i s  
The p o t e n t i a l  of t h e  b e t t e r  cladding systems f o r  vane serv ice  at these  
temperatures can be seen i n  f igu re  4. 
near ly  as r ap id ly  or as soon as WI-52 ( r e f .  5 )  coated with t h e  commercial 
aluminide coating t h a t  i s  used t o  p ro tec t  WI-52 vanes i n  many cu r ren t ,  com- 
mercial  a i r c r a f t  gas tu rb ine  engines. 
The claddings do not l o se  weight 
The r e s u l t s  of t he  metallographic analyses on t h e  zones of maximum and 
average attack--both a t  t h e  leading edge of t h e  specimen and along the  
t a p e r  s l i g h t l y  back from t h e  leading edge--are presented i n  f igures  5 and 6.  
Figure 5 presents  t h e  metallography f o r  t h e  Fe-25Cr-bAl-lY cladding--the 
bes t  of t h e  FeCrAlY a l loys  t e s t e d .  I n  t h e  m a x i m u m  a t t ack  zone, t h e  cladding 
w a s  completely l o s t  at t h e  leading edge a f t e r  t he  100 hour ex3osure at 
2100' F (1149' C ) .  
and t h e  presence of many la rge  voids.  
zone t h e  use fu l  remaining cladding thickness  var ied  from around 2 t o  3 mils 
(0.05 t o  0.08 mm). This represents  a l o s s  of about 1 /2  t o  1/3 of t h e  o r i -  
g i n a l  cladding thickness .  Even i n  t h e  average a t t a c k  zone, a small amount 
of cladding remains at t h e  leading edge but t h i s  i s  d i f f i c u l t  t o  observe i n  
thr? etched photomicrograph ( f i g .  5 ) .  However, around 3 m i l s  (0.08 m) re- 
mains at t h e  t ape r .  These da t a  ind ica t e  severe oxidation and l o s s  of clad- 
ding i n  t h i s  system under t h e  t e s t  conditions employed. While not  i l l u s -  
t r a t e d  i n  t h i s  r e p o r t ,  metallographic changes were observed i n  t h e  T D - N i C r  
subs t r a t e  t o  a depth of about 11 m i l s  (0 .3  mm) beneath the  cladding. Some 
in t e rd i f fus ion  of cladding cons t i tuents  m u s t  have occurred i n  t h i s  region. 
This may have been accompanied by t h e  outward d i f fus ion  of n i c k e l  i n t o  t h e  
cladding, 
This region a l s o  shows considerable i n t e r n a l  oxidat ion 
Along t h e  t a p e r  i n  t h e  maximum a t t ack  
Such d i f fus ion  has p o t e n t i a l  t o  degrade t h e  p ro tec t ive  a b i l i t y  
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of t h e  FeCrAl claddings.  These preliminary f ind ings  ind ica t e  t h a t  d i f f u -  
s ion  barriers may be required t o  improve t h e  performance of such systems. A 
cont rac tua l  e f f o r t  i s  cu r ren t ly  examining th i s  p o s s i b i l i t y  (information from 
A. R .  S te t son  of the So la r  Division of  In t e rna t iona l  Harvester under NASA 
Contract NAS 3-14312). 
Figure 6 shows a similar s e r i e s  of photographs f o r  the N i C r A l  cladding 
after 160 hours of t e s t i n g .  This i s  60 percent more t i m e  a t  temperature 
than f o r  the FeCrAl cladding micrographs shown i n  f igu re  5. Here, too,  how- 
ever, t he  leading edge shows complete loss of cladding i n  the m a x i m u m  a t -  
tack  zone. This loss w a s  a l so  accompanied by  voids and i n t e r n a l  oxidat ion.  
However, along t h e  taper ,  the cladding w a s  on ly  degraded very near  t he  lead- 
ing  edge away from it the cladding w a s  nea r ly  i t s  o r i g i n a l  thickness .  
t he  zone of average at tack,  which corresponds t o  a metal temperature of only 
about 50' F (28' C) lower than that of  t h e  zone of maximum at tack,  the clad-  
ding only suffered minor surface oxidat ion.  While some d i f fe rences  i n  the 
T D - N i C r  were a l so  v i s i b l e  here t o  a depth of about 1 1 m i l s  (0 .3  mm), the at- 
tendant i n t e rd i f fus ion  must not  have been as harmful t o  the oxidat ion resis- 
tance of t h e  cladding as w a s  the case i n  the  FeCrAl systems. However, i f  
aluminum i s  l o s t  from t h e  cladding t o  the T D - N i C r ,  protect ion l i f e  might be 
improved i f  su i t ab le  d i f fus ion  barriers could be developed f o r  t h i s  system 
as we 11. 
I n  
CONCLUSIONS 
Several  FeCrAl and N i C r A l  cladding a l loys  i n  t h e  form of 5 m i l  (0 .127  
mm) t h i c k  f o i l s  were d i f fus ion  bonded t o  T D - N i C r  specimens and t e s t e d  i n  a 
Mach 1 burner r i g  f o r  times t o  160 hours. The maximum tes t  temperature w a s  
2100° F (1149' C )  . 
analyses were used t o  evaluate  the pro tec t ive  ab i l i ty  of each cladding. 
The r e s u l t s  of  th i s  e f f o r t  lead t o  the following conclusions. 
Visual examination, weight change, and metallographic 
1, The N i C r A l  cladding appears more pro tec t ive  than any of the FeCrAlY 
types examined. It survived a t  least  120 hours a t  2100' F (1149' C )  while 
t h e  b e s t  FeCrAlY cladding showed s igns  of  f a i l u r e  w e l l  before  100 hours of 
t e s t i n g  
2. The FeCrAlY claddings appear t o  be s i g n i f i c a n t l y  degraded b y  oxida- 
t i o n  i n  th i s  t e s t  f a c i l i t y  (perhaps t r aceab le  t o  i n t e r d i f f u s i o n  w i t h  
T D - N i C r )  wi th in  20 t o  40 hours. Even i n  t h e  average a t t ack  region, the best 
of these  claddings l o s t  1/3 t o  1 / 2  of the o r i g i n a l  cladding thickness  i n  100 
hours of t e s t i n g .  
3. The N i C r A l  cladding appeared t o  have suf fered  only minor surface 
oxidat ion i n  160 hours i n  a region i n  which t h e  t e s t  temperature w a s  es t i -  
mated t o  be about 2050' F (1121' C )  . 
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Nominal composition 
weight percent 
Fe-25Cr-hA1-0.2Y 
Fe-25Cr-4A1-02Y-0.5Ta 
Fe-25 Cr-4A1-1. OY 
Ni-20Cr-5A1-Oe5Th 
TABLE I - CHEMICAL ANALYSIS 
Analyzed Composition 
weight per cent 
Fe Cr A l Y  Ta Th Ni 
Bal 24.43 4.06 0.27 ---- ---- --- 
Bal 24.82 4,16 .08 0.54 ---- --- 
Bal 25.04 4.10 .58 ---- ---- --- 
20.04 4.88 ---- ---- 0.44 Bal --- 
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Figure 1. High-Velocity Oxidation Specimen 
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Figure 2. - Schematic of burner rig. 
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Figure 3 -  Visual Appearance of 5’ mil(0.127mm) Clad Specimens of 
TD-NiCr a f t e r  Various Times a t  2100°F (1IhS0C) 
Figure 4. Cyclic Oxidation Resistance of Alloy Foil Clad ( 5 m i l s  or 0,127mm) and 
Unprotected TD-NiCr : 
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Mach 1 Burner Rig Tests - 2100°p(~90C) - 1 Hour Cycles 
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Figure 5. - Fe-ZSCr-44l-lY clad 11)-NiCr (Burner r i g  tested: ZIOOo F - 100 hours-Mach 1). 
;? 
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I w Maximum attack zone - 2100° F (1149O C) Average attack zone - 20500 F (1121O C) 
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Figure 6 .  - Ni-2OCr-SAl-O.Sm Clad W-NiCr (Burner r i g  tested: Z ~ O O O  F-160 hours-mch 1). 
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